The emergence of cerebral microbleeds (CMB) as common MR imaging findings raises the question of how MR imaging parameters influence CMB detection. To evaluate the effects of modified gradient recalled-echo (GRE) MR imaging methods, we performed an analysis of sequence, section thickness, and field strength on CMB imaging properties and detection in subjects with cerebral amyloid angiopathy (CAA), a condition associated with microhemorrhage.
A dvances in MR imaging technology have led to improved sensitivity to deposited hemosiderin, which has facilitated the recognition that cerebral microbleeds (CMB) are a relatively common neuroimaging finding. [1] [2] [3] [4] [5] [6] These lesions, composed pathologically of clusters of hemosiderin-containing macrophages, which are often perivascular, 7, 8 appear as round hypointense foci on gradient recalled-echo (GRE) MR imaging sequences weighted for magnetic susceptibility effects. They are particularly prevalent in association with hemorrhagic stroke due to cerebral amyloid angiopathy (CAA) 9 or hypertensive vasculopathy 10, 11 but can also be seen with ischemic stroke, 12 Alzheimer disease, 13, 14 cerebral autosomal dominant arteriopathy with subcortical infarctions and leukoencephalopathy, 15 or normal aging. 5, 6 CMB have been suggested as potential markers of a hemorrhage-prone state 12, 16, 17 or of vascular cognitive impairment. 18 As it has become clear that our understanding of CMB is heavily dependent on MR imaging methodology, 4 several potential techniques to enhance the sensitivity of MR imaging of CMB have emerged. These include the recently developed technique of susceptibility-weighted imaging (SWI), 19 the use of higher resolution to decrease partial volume averaging of CMB with surrounding brain tissue, 20 and the use of higher magnetic field strengths to improve the source of contrast and signal-intensity-to-noise ratio. 21, 22 Enhanced MR imaging sensitivity could potentially increase the measured prevalence of CMB. For example, a recent report from the populationbased Rotterdam Scan Study, 6 by using an optimized sequence of high resolution and long TEs, found a surprisingly high prevalence of CMB (ranging from 17.8% of individuals 60 -69 years of age to 38.3% for those Ն80).
Although the detection of CMB is heavily influenced by a variety of MR imaging parameters, there has been relatively little investigation of the specific effects of these parameters on CMB detection. We, therefore, undertook a systematic comparison of MR imaging scanning parameters in subjects known to have multiple corticosubcortical CMB diagnosed as due to CAA. Specifically, we sought the following: 1) to investigate the effects of sequence (traditional GRE versus SWI), section thickness (conventional 5-mm versus thin 1.2-to 1.5-mm sections), and field strength (1.5T versus 3T) on CMB imaging properties such as contrast and diameter; 2) to determine how these imaging properties affect the ability of a rater to identify particular lesions; and 3) to determine the overall effect of more sensitive MR imaging techniques on the number of detected CMB.
Materials and Methods

Research Subjects
Study subjects were recruited from an ongoing single-center prospective longitudinal cohort study of CAA. 23, 24 Subjects were patients 25 Fourteen subjects with probable CAA each underwent between 2 and 5 (median, 3 per subject) of the 6 MR imaging sequences examined in the current study (Table 1 ). All study procedures were approved by the Human Research Committee of our institution and were performed after obtaining informed consent.
MR Imaging
Study subjects underwent MR imaging examinations with variations of sequence (conventional GRE versus SWI), section thickness (5 versus 1.2-1.5 mm), and magnetic field strength (1.5T Avanto versus 3T Trio by using a 12-channel Total Imaging Matrix head coil; both Siemens Medical Systems, Erlangan, Germany). Imaging parameters for all sequences are shown in Table 1 . SWI processing was performed by Siemens product software incorporated into the MR imaging system console according to published methods.
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Analysis of CMB
Image data were first visually inspected by a trained operator (R.N.K.N.). Round hypointense lesions were identified as CMB as described by Greenberg et al. 9, 16 As in our previous reports, hypointense lesions were excluded if they appeared to be vascular flow voids (based on sulcal location or linear shape), basal ganglia mineralization, artifact from adjacent bone or sinus, or part of a larger macrohemorrhagic lesion.
To determine the signal-intensity characteristics of CMB on different MR pulse sequences, individual lesions on different images from the same patient were identified by comparison of the images, by using local anatomic landmarks for reference. Individual lesions were then labeled for paired analyses, by using Display Imaging software (Version 1.4.1; McConnell Brain Imaging Center, Montreal Neurologic Institute, Montreal, Canada). Two parameters were measured for each CMB: contrast index (CI) and diameter. To determine CI, we measured the mean signal intensity (SI) in a region of interest placed over the CMB in a single section (magnified to facilitate region-ofinterest placement) and in a region of interest of similar size placed on a single section of normal-appearing white matter of the corpus callosum. CI was defined by the following formula: CI ϭ (SI WM Ϫ SI CMB ) / SI WM , where SI CMB is the mean signal intensity of the CMB region of interest and SI WM is the mean signal intensity of the corpus callosum white matter. CMB diameter was obtained by first measuring the cross-sectional area of the CMB region of interest. CMB diameter (D CMB ) was then calculated on the basis of the assumption that the region visible on a single section represents a circular crosssection of a spherical lesion, by using the formula D CMB ϭ 2 ͌(A / ), where A is the cross-sectional area of the CMB region of interest in square millimeters.
To compare the overall sensitivity for CMB detection between the commonly used clinical GRE sequence (1.5T, 5-mm section thickness) and thin-section SWI (1.5T, 1.3-mm section thickness), a single rater (A.V.) counted CMB on scans of subjects with probable CAA who underwent both studies. All scans of a single-sequence type were presented to the rater in a random order and in a blinded fashion. The SWI and GRE images were analyzed approximately 3 weeks apart to minimize the influence of the prior analysis. With the labels placed on individual CMB on a subject's clinical GRE and thin-section SWI images, the CMB that were identifiable on both scans could be classified according to whether they were prospectively identified by the blinded rater on the GRE as well as the SWI images, or whether they were prospectively identified by the blinded rater solely on the SWI image and identified on the GRE images only in retrospect through comparison with SWI. These 2 classes of CMB were compared for their CI and diameter measured on the GRE image to determine the effect of these lesion properties on whether a CMB could be prospectively identified.
We ascertained intrarater reliability for determination of CI and diameter on 20 randomly selected microbleeds analyzed by a single rater (R.N.K.N.). The 20 CMB were presented to the rater in a random order Ͼ2 months after their initial analysis. We also analyzed inter-rater reliability for the number of CMB on thin-section SWI 1.5T images by having 2 raters (A.V. and P.D.) count CMB on images from 8 subjects. Intra-and inter-rater reliability was quantified by the intraclass correlation coefficient (ICC). We have previously demonstrated high inter-rater reliability for CMB counted on clinical GRE images (ICC ϭ 0.97). 
Statistical Analysis
CI and diameter of individual CMB seen on multiple sequences were compared by using paired t tests. Effect size for the difference between CI and diameter of individual lesions was determined by Cohen d, 27 calculated as the difference of the means divided by the pooled SD. An effect size d Յ 0.5 is generally interpreted as a small effect; between 0.5 and 0.8, as a medium effect; and Ն0.8, as a large effect. (Table 1) , with sys- 
Note:-GRE indicates gradient recalled-echo; SWI, susceptibility-weighted imaging.
tematic variations in sequence (GRE versus SWI), section thickness (1.2-1.5 versus 5 mm), and magnetic field strength (1.5T versus 3T). Quantitative analysis was performed within the same subject across multiple scan types to investigate the influence of these MR imaging data-acquisition parameters on CMB characteristics, in particular lesion contrast, measured as a CI of signal intensity of the CMB relative to normal-appearing white matter, and lesion diameter. Analysis of 20 randomly selected CMB scored on 2 separate occasions demonstrated reasonably high intrarater reliability for both parameters (ICC ϭ 0.90 for CI measurement, ICC ϭ 0.80 for diameter measurement).
Effect of Sequence, Section Thickness, and Magnetic Field Strength on CMB Characteristics
Comparisons of CI and diameter for each CMB that could be identified on 2 separate MR imaging protocols are shown in Table 2 . SWI compared with GRE was associated with a large increase in CMB CI (Cohen d Ͼ1.5) and a small increase in CMB diameter (Cohen d Ͻ0.3) when performed at 1.5T with either thin or thick sections. Thin MR imaging sections, compared with thicker sections, were associated with a large increase in CMB CI (Cohen d Ͼ1.2) and a small decrease in CMB diameter (Cohen d Ͻ0.5) when performed at 1.5T by using either GRE or SWI parameters. Higher magnetic field strength, compared with lower magnetic field strength, was associated with a moderate-to-large increase in CMB CI (Cohen d 0.7-0.9) when performed with either thick-section GRE or thin-section SWI parameters. Higher magnetic field strength was also associated with a small increase in CMB diameter on thick-section GRE and a small decrease in diameter on thin-section SWI (both Cohen d Յ0.4). Examples of improved lesion contrast associated with SWI, thin MR imaging sections, and 3T field strength are shown in Fig 1 .
Effect of MR Imaging Parameters and CMB Characteristics on Visual Identification of CMB
To assess the overall effect of thin-section SWI imaging on identification of CMB, we compared CMB detection on thinsection (1.3 mm) 1.5T SWI images with detection on conventional thick-section (5 mm) 1.5T GRE images obtained in the same scanning session. On the basis of counting of CMB on the SWI images by a second rater (P.D.), we found inter-rater reliability for CMB counts by this method to be high (ICC ϭ 0.93). In 3 subjects who underwent both scanning protocols in a single session, the conventional GRE identified only 33% of CMB (103 of 310) seen on thin-section SWI (Table 3 ). All but 4 of the additional CMB detected by thin-section SWI were in corticosubcortical or lobar brain regions; the remaining 4 lesions were in the basal ganglia or thalamus.
We next investigated the quantitative measures of CMB CI and diameter to determine if these lesion characteristics influenced whether a CMB was prospectively counted as a lesion. We identified 65 individual CMB on the GRE images from 2 subjects who underwent both conventional 1.5T GRE and thin-section 1.5T SWI and classified them by whether they were prospectively identified on the GRE image alone (21 of the 65) versus whether they were identified on the GRE images only by retrospective comparison with the SWI image (44 of 65). The CI was substantially higher for CMB identified on GRE alone relative to those that were identified retrospectively (0.36 Ϯ 0.11 versus 0.16 Ϯ 0.17, P Ͻ .001; Fig 2A) . Lesions counted on GRE alone were also significantly larger, with a mean diameter of 2.4 Ϯ 0.7 mm versus 2.0 Ϯ 0.6 mm (P ϭ .022; Fig 2B) . As seen in Fig 2C, most counted CMB had a CI greater than 0.30. However, even some CMB with lower CIs could be identified on GRE if their diameters were relatively large (Fig 2C, solid arrow) , whereas some CMB with CI well above 0.30 were not counted if their diameters were small (dashed arrow). 
Discussion
The major findings from this analysis were the following: 1) SWI, smaller section thickness, and higher magnetic field each yielded substantially increased lesion contrast for CMB, 2) identification of CMB by a trained rater was determined by lesion contrast and (to a lesser extent) diameter, and 3) the overall number of CMB detected depended markedly on the MR imaging technique, with thin-section SWI MR imaging demonstrating approximately 3 times as many lesions as conventional GRE MR imaging in concurrently imaged patients with CAA. SWI was also associated with a small increase in CMB diameter, whereas thin-section imaging yielded slightly decreased lesion diameter. The additional CMB detected by thin-section SWI in these CAA subjects were almost exclusively (Ͼ98%) located in the same lobar brain regions as those detected by conventional GRE. Hemorrhages associated with CAA (both symptomatic macrobleeds and asymptomatic CMB) are characteristically located in these lobar regions. 25 The current findings, therefore, suggest that the additional lesions identified by thin-section SWI are indeed CAA-related CMB rather than some type of non-CMB artifact. This is a reassuring observation given the a priori concern that highly sensitive MR imaging techniques might detect non-CMB lesions, potentially lowering their specificity for CMB.
Because the basis for the MR imaging contrast of these small hemosiderin-laden lesions is susceptibility-related signal-intensity loss due to their ferromagnetic composition, it is not surprising that a sequence designed to be sensitive to these signal-intensity properties (SWI) and a higher field strength (susceptibility effects scale increasingly with field strength) would increase their detection. Furthermore, partial voluming effects (reduction of specific signal intensity caused by combination with signal intensity from nearby tissue with different magnetic properties) are smaller at higher resolution; thus, as long as the signal-intensity-to-noise ratio is maintained, it is reasonable to predict that small lesions such as CMB would be better detected with higher resolution parameters. The major trade-off for both SWI and higher resolution GRE is longer scanning-acquisition time, which may be an issue of concern in patients who have difficulty remaining motionless in the scanner. Table 3 ); thin-section GRE (C ) versus thin-section SWI (D); thick-section GRE (E) versus thin-section GRE (F; all preceding images at 1.5T); and SWI at 1.5T (G) versus SWI at 3T (H). Image parameters are shown in Table 1 . The black arrows in Fig 2A and B illustrate a CMB prospectively counted on both sequences, whereas lesions denoted by white arrows were initially identified only on the SWI image. The black arrows in the remaining images highlight lesions on the paired images for comparison. Previous reports have characterized the use of various SWI and high-resolution MR imaging techniques for diagnostic applications, such as venography, 28 brain tumors, 29 head trauma, 30 and vascular malformations. 31, 32 Recent studies focusing on microbleed detection have also indicated increased sensitivity. 33, 34 The Rotterdam Scan Study, by using a technique based on increased spatial resolution and prolonged TE without incorporation of phase information, demonstrated improved CMB detection relative to conventional GRE in a subset of 200 population-based subjects (prevalence of CMB, 35.5% versus 21.0%, P Ͻ .001) with no change in overall spatial distribution. 20 Another analysis of a single individual with hypertensive hemorrhage found that longer TEs resulted in an increased number and mean diameter of detected CMB. 35 Studies comparing 3T with 1.5T GRE MR imaging in brain trauma 21 and healthy aging have also demonstrated improved CMB detection. 22 A specific strength of our study is its measurement of imaging characteristics of individual identified CMB across multiple scan types. There are also notable limitations. Although measurement of lesion contrast is relatively straightforward, lesion diameter is more difficult to measure with precision and required an indirect calculation. The imaging protocols developed and validated on our MR imaging systems include some differences in in-plane resolution and intersection gap ( Table  1) that could have contributed to the observed effects on CMB CI and diameter, though such effects are expected to be small. For practical reasons, we could not study every possible permutation of sequence, resolution, and field strength and instead chose to focus on the 6 combinations shown in Table 1 . The comparison of CMB counts shown in Table 3 involved 2 variations in MR imaging technique (SWI versus GRE and thin-versus-thick sections), each of which likely contributed to differences in CMB detection. Finally, the patients who participated in the present study were not (or only minimally) cognitively impaired, so it is not yet clear whether the scanning time of thin-section SWI (approximately 11 minutes) will be tolerable for patients with cognitive impairment, though our preliminary experience in such a population has been positive.
Recent studies have found CMB to be relatively common, not only in association with cerebrovascular disease, but also accompanying Alzheimer disease and normal aging. 5, 6, 13, 14 Together with results from the Rotterdam Scan cohort, 6 our data suggest that implementation of more sensitive MR imaging techniques is likely to raise the estimated prevalence of CMB even further. Future studies will therefore be needed to define the clinical impact of these increasingly detectable lesions on questions such as risk of future hemorrhagic stroke, 12, 16 whether a patient can be safely anticoagulated, 36 and risk of cognitive decline.
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Fig 2.
Detection of CMB as a function of lesion contrast and diameter. Scatterplots show CI (A ), diameter (B ), and a 2D plot of both parameters (C ) of CMB prospectively identified (filled circles) or not prospectively identified (empty circles) by a blinded rater on clinical GRE MR images. C, The CMB in the lower right corner (solid arrow ) were identified on GRE alone despite its lower CI, most likely because of its relatively large diameter. Conversely, the low-diameter CMB in the upper left corner of the figure (dashed arrow) were missed on GRE despite their relatively high CI. All measurements of CI and diameter were performed on the GRE images.
Conclusions SWI methods, smaller section thickness, and higher magnetic fields are each associated with significantly increased CMB contrast. In the case of thin-section SWI, increases in CI and lesion diameter are also associated with much higher rates of CMB detection. New imaging techniques are, therefore, very likely to increase the measured prevalence of CMB in the population.
